Abstract. Cadmium is a heavy metal that is toxic to humans and the reproductive system. The present study aimed to investigate the mechanisms of cadmium-induced reproductive toxicity in a male Institute of Cancer Research mouse model of cadmium poisoning. Changes in luteinizing hormone receptor (LHR), 17α-hydroxylase and endothelial nitric oxide (NO) synthase (eNOS) expression levels were examined. A total of 24 male mice (4-week-old) were randomly divided into four groups (normal control group and low, medium and high cadmium groups) and subjected to gavage treatment with normal saline or cadmium-containing saline solutions for 8 weeks prior to sacrifice. To assess testicular injury, serum androgen levels were determined by ELISA, testicular tissue pathological changes were evaluated using hematoxylin and eosin staining. In addition, LHR, 17α-hydroxylase and eNOS expressions levels were examined by western blotting, and apoptosis was examined with a terminal deoxynucleotidyl transferase dUTP nick end labeling assay. The results demonstrated that the severity of testes injury increased with cadmium concentration. In addition, LHR, 17α-hydroxylase and eNOS expression levels increased with low and medium concentrations of cadmium; however, they were decreased following treatment with high concentrations of cadmium. The results from the present study demonstrated that cadmium altered LHR, 17α-hydroxylase and eNOS expression levels in testicular stromal cells, which may impact testosterone synthesis. Furthermore, NO was suggested to be involved in cadmium-induced testicular injury by measurements of eNOS expression in testicular stromal cells.
Introduction
Over the past few decades, male infertility has increased (1), a phenomenon that is closely associated with environmental pollution (2) . Particularly, cadmium is a highly toxic heavy metal that has been reported to induce male infertility (3, 4) . With the rise of the incidence rate of infertility, the adverse effects of environmental factors are becoming an increasing concern. Particularly, environmental pollution has posed a serious threat in recent years. Guangxi is an area with high cadmium, which has an adverse effect on the safety of life (1, 3, 4) . Previous studies have demonstrated that the reproductive toxicity of cadmium is the highest, particularly in the male reproductive toxicity system (4) (5) (6) (7) (8) . Human intake of cadmium primarily originates from the consumption of contaminated water, crops, cigarettes or other sources (9) . Cadmium deposition in the kidney, bones, liver, lung and reproductive organs (10, 11) leads to severe organ impairment (12) . Three mechanisms of cadmium-induced cellular injury have been proposed (5, (13) (14) (15) (16) . The first concerns cadmium-calcium interactions, in which cadmium may enter cells through calcium channels and compete with calcium to bind calmodulin, interfering therefore with calmodulin and with calmodulin-dependent physiological and biochemical processes (1, 3) . The second mechanism involves protein alterations. Particularly, cadmium may interact with the hydroxyl, mercapto and amino groups of proteins to generate cadmium-protein complexes, which can suppress or inactivate multiple enzyme systems, which can have a deleterious impact on biological activities (4) . In the third mechanism, cadmium can influence the expression of apoptotic genes (5, 17) . Cadmium can induce abnormal gene expression, inhibit DNA damage repair and cell apoptosis. Cadmium exposure increases the mRNA expression level of the pro-apoptotic Bax gene in the small intestine of rats and decreases the mRNA expression level of anti-apoptotic Bcl-2 gene. Thereby, it increases the Bax/Bcl-2 ratio and induces apoptosis of cells (18, 19) . Testicular stromal cells are essentially responsible for testosterone synthesis (20 (21, 22) . Additionally, testosterone can enter Sertoli cells in a paracrine manner, and is involved in the regulation of spermatogenesis. When testosterone enters Sertoli cells, it serves the following four functions during spermatogenesis: i) Maintenance of blood-testis barrier; ii) regulation of meiosis; iii) maintenance of the adhesion between spermatozoa and Sertoli cells; and iv) regulation of the release of mature sperm (23, 24) . Testosterone and androgen receptor serve an important role in male reproduction. When the androgen receptor gene is knocked out, testosterone secretion is reduced, testis is markedly atrophied, spermatogenesis is blocked in pre-meiotic diploid phase and spermatozoa are hardly detected in the epididymis. Infertility may occur in mice, and serum testosterone concentrations in mice are reduced when infertility occurs (25) . Cholesterol undergoes a series of reactions in testicular stromal cells to produce certain crucial compounds that are associated with testosterone synthesis, including luteinizing hormone receptor (LHR) and 17α-hydroxylase (20) . Furthermore, nitric oxide (NO) is an important second messenger. The half-life of NO is very short. Nitric oxide synthase (NOS) is a necessary enzyme in the process of NO synthesis. Therefore, the concentration of NOS is frequently used to indirectly represent the level of NO (26) . This has been reported to affect testosterone biogenesis and sperm production when expressed in testicular stromal cells (27) (28) (29) (30) (31) . Previous studies have suggested that the content of NO in infertile sperm is associated with the germ cell apoptosis rate (32, 33) . These results also indirectly suggested that an increased amount of NO may enhance the ability of antioxidant damage and fight against the damage of harmful factors to germ cells or other cells in the process of cadmium induced male infertility. Additionally, excessive NO may be a prerequisite for oxidative stress, since excessive NO causes semen nitrification stress reaction, and eventually male infertility (32, 34) . However, it remains unclear whether NO is involved in cadmium toxicity in testicular stromal cells or whether its role is associated with LHR and 17α-hydroxylase. Subsequently, the present study aimed to investigate the mechanisms of cadmium-induced reproductive toxicity. (35) . A midline incision was made on the abdomen using a scalpel, and the organs and testicular tissues were identified and removed. One half of the tissue was paraffin embedded for immunohistochemistry and the other half was frozen for subsequent protein analysis. In addition, blood samples were taken to determine androgen levels.
Materials and methods

Materials
Immunochemical detection. Testicular tissues were fixed with 10% neutral formaldehyde for 48 h at room temperature and paraffin-embedded, sectioned, heated to 60˚C, dewaxed in xylene and rehydrated (alcohol series, 100, 95, 85 and 75%). Subsequently, they were washed in PBS for 5 min. Sections (4-µm thick) were subsequently incubated with 3% hydrogen peroxide at room temperature for 30 min. cat. no. D046; Bridgen Biotech Co., Ltd.) was used to detect the signal on the membrane and images were captured using the Bio-Rad Gel Image Chemidoc™ XRS system (Bio-Rad Laboratories, Inc.). The data were analyzed via densitometry using Bio-Rad Image Lab software (version 6.0.1; Bio-Rad Laboratories, Inc.) and normalized to the expression of the internal control (β-actin).
Determination of testis cell apoptosis with the TUNEL assay.
Mice testis cell apoptosis was assessed by TUNEL assay (Roche Diagnostics) (36) . Sections were fixed in 4% paraformaldehyde for 20 min at room temperature. Paraffin-embedded sections were dewaxed in xylene and rehydrated using an ethanol gradient (100, 100, 95, 85 and 75%). Sections were incubated with proteinase K at 37˚C for 30 min and with 3% hydrogen peroxide at 37˚C for 10 min and washed with PBS. Section were incubated with 50 µl TUNEL assay substrate at 37˚C in the dark for 1 h. Sections were washed with PBS and incubated with 50 µl converter-POD (included in the TUNEL kit) at 37˚C for 30 min. Sections were then washed with PBS and treated with DAB for color development. Sections were observed under an upright light microscope (magnification, x400) and particles with brown or yellow nuclei were considered as positively stained and counted. At least three fields were analyzed for each mouse. Sections were graded according to the percentage of positive cells as follows: Strong (3), moderate (2), mild (1) or negative (0) for >60, 21-60, 5-20 or <5% stained cells.
Determination of serum androgen levels in mice.
Following mice sacrifice, 0.8 ml blood was collected from the heart. Blood was placed on ice for 30 min and centrifuged at 1,000 g/min for 20 min. The resulting supernatant was obtained and stored at -20˚C. Androgen levels were determined using an ELISA kit. The ELISA assay was conducted according to the manufacturer's protocol. Briefly, the blood sample was first brought to room temperature. Following standard product preparation and sample addition, the antibody was added for 1 h at 37˚C. Subsequent to washing, A and B agent were gently agitated for blending, followed by incubation at 37˚C in the dark for 6 min. Termination solution was added and measurements were taken sequentially at a wavelength of 450 nm.
Statistical analysis. SPSS 18.0 software (SPSS, Inc.) was used for statistical analysis. Data are expressed as the mean ± standard deviation. One-way ANOVA followed by Fisher's least significant difference test was used for comparison between the experimental groups and the control group.
Results
Effect of cadmium on mice weight and serum androgen level. There was no significant difference identified between the body weights of mice in the experimental and control groups (P>0.05; Fig. 2A ). In addition, mice from the low and medium groups demonstrated higher androgen concentrations compared with the control group and the low-cadmium group (2 mg) presented the highest androgen concentration (P<0.05; Fig. 2B ).
Influence of cadmium on testicular morphology and apoptosis.
As presented in Fig. 3A , H&E staining demonstrated that mice from the control group presented testicular morphological characteristics indicative of sexual maturity as follows: i) Testicular seminiferous tubules with thick walls; ii) spermatogenic cells and support cells at various developmental stages with swirling contours and on thickened spermatogenic epithelia; iii) sperm cells in the seminiferous tubules; and iv) plump testicular stromal cells. By contrast, mice in the low-cadmium group demonstrated decreased thickness of the testicular seminiferous tubule walls, less apparent swirling contours and no obvious changes in the appearance of testicular stromal cells. However, sperm cells were observed on the walls of the seminiferous tubules. Mice in the medium-cadmium group presented the following features: i) A thin germinal epithelium; ii) sporadic bleeding in the testicular stroma; iii) cells with aberrant swirling contours; and iv) decreased spermatogenesis.
Mice from the high-cadmium group exhibited the following features: i) A very thin germinal epithelium; ii) seminiferous tubules with aberrant morphology; iii) a markedly low level of normal spermatogenesis; iv) no swirling contours; v) apparent abnormalities of the testicular stroma (stromal vacancy); and vi) spots of bleeding. The expression levels of LHR and 17α-hydroxylase were higher in the low groups compared with in the control groups (P<0.05), but less high in the high cadmium group (P>0.05). eNOS and 17-α-hydroxylase exhibited consistent alterations. The low-cadmium group and the medium-cadmium group exhibited higher expression levels than the control group, while the expression levels in the high-cadmium group were slightly lower. eNOS expression was the highest in the medium-cadmium group and relatively low in the low-cadmium group ( Fig. 3A and C ; Table I ). In addition, the number of TUNEL-positive nuclei significantly increased with cadmium in a concentration-dependent manner, which suggested elevated apoptosis rates ( Fig. 3B and C ; Table I ).
Influence of cadmium on protein levels in testicular tissue.
The expression levels of LHR, 17α-hydroxylase and eNOS were altered following the administration of different concentrations of cadmium. Notably, the levels of LHR, 17α-hydroxylase and eNOS were increased in the low-and medium-cadmium groups, whereas they were significantly decreased in the high-cadmium group compared with the control group ( Fig. 4; 17 
Discussion
The present study investigated the impact of intragastric administration of cadmium on mice testicular features. There was no significant difference identified in body weight between the experimental and control groups. Cadmium dose and drug delivery time may have affected the digestive system in mice, although these factors were not taken into consideration. Alternatively, perhaps due to the gavage time not being of a sufficiently long duration, the observed cadmium dose-effect differences were small and consequently no major effects were observed in the BW of the mice. The histopathological results demonstrated that the high-dose of cadmium induced seminiferous tubule wall thinning, an increase in interstitial hyperemia level, and lower numbers of sertoli and sperm cells. These findings suggest that the blood-testis barrier in the mice may have been destroyed, since the mice in the low-dose group exhibited no changes. A previous study also demonstrated that mice exposure to low doses of cadmium does not cause any physiological processes disorder, whereas exposure to higher doses of cadmium affects the autoimmune reaction of testicular tissue and leads to microcirculation impairment, blood-testis barrier damage, which therefore disturb spermatogenesis (37) . The TUNEL results also demonstrated that apoptosis was significantly higher in all cadmium-treated groups compared with the control group. Gonadotropin regulates testosterone synthesis by Leydig cells through the gonadal axis and testosterone stimulates spermatogenesis by binding to the androgen receptor (38) (39) (40) . The two key factors involved in testosterone synthesis by Leydig cells are LHR and 17α-hydroxylase. In the present study, the results from ELISA and immunochemistry demonstrated that these two proteins were highly expressed in the low-and medium-dose cadmium groups compared with the control group. In addition, the low-dose group exhibited the highest level of serum androgen. These results indicate that, in the low-and medium-cadmium groups, the gonadal axis of the body regulates testosterone synthesis. Furthermore, the synthesis of testosterone can be completed through feedback mechanisms (41) . The present results also indicate that medium levels of cadmium may promote androgen synthesis in males. It has been reported that exposure to low doses of cadmium may increase the androgen level in males (42) (43) (44) . It is possible that there is a critical point between the medium and high concentrations of cadmium beyond which the compensatory activities of androgen cannot keep the testicular structure intact. The current results demonstrated that at a high cadmium concentration, the testicular structure was severely impaired to a degree that may have been beyond the body's ability to compensate. Furthermore, the expression levels of serum androgen and proteins were decreased in the high concentration group. What factors are involved in a compensatory mechanism requires further investigation.
In addition, results from the present study demonstrated that eNOS was positively expressed in testicular cells and that eNOS expression level was the highest in the medium-dose cadmium group. NO is an important effector molecule in the regulation of spermatogenesis. A large quantity of NO has been reported to exert toxic effects in sperm, whereas lower concentrations of NO are conducive to fertility and spermatogenesis (45, 46) . The present study revealed that the highest eNOS levels were observed in the medium-cadmium concentration group, and the serum androgen levels were highest in the low-and medium-cadmium groups. These results suggest that NO may be a downstream messenger that affects testosterone synthesis or a stress-response molecule in the compensatory mechanism of testosterone synthesis. According to the results of the present study, the peak of eNOS was later than that of serum androgen concentration. The former appeared in the medium concentration group, the latter appeared in the low concentration group, and the increase in NO concentration in this feedback mechanism was lagging behind the synthesis of androgen. This may explain the delayed peak in NO levels with respect to cadmium levels. Furthermore, cadmium toxicity is associated with increased blood pressure (47) . NO is a vasodilation factor that stimulates the relaxation of endothelium-smooth muscle cells, participating therefore in the regulation of vascular function (48) . In the present study, the observation that eNOS was at its highest levels in the medium-cadmium group was not compatible with the expression profile of the two testosterone synthesis enzymes. One possibility is that at the high cadmium concentrations, the mice experienced elevated blood pressure as well as NO synthesis; NO can relax blood vessels to antagonize the increased blood pressure. As higher levels of NO stimulate relaxation of the blood vessels, an additional input of energy would be required to maintain the body's blood pressure. Alternatively, a medium dose of cadmium was capable of leading to the destruction of a large number of Leydig cells. To facilitate the functionality of the remaining testicular stromal cells, a higher expression level of NO, leading to blood vessel dilation, would ensure increased delivery of oxygen and nutrients to the cells and/or extraction of metabolic waste.
In conclusion, up to medium concentration trace amounts of cadmium had no effect on the testicular structure of male mice, although the number of apoptotic cells was increased. However, increased doses of cadmium induced testicular structure damage. The results from the present study also revealed . Schematic model of the potential role of cadmium on testicular injury. In the present study, LHR, 17α-hydroxylase and eNOS levels were revealed to be elevated in the low and medium dose groups. Their levels were low in the high dose group. Expression levels of LHR and 17α-hydroxylase were consistent and were higher in the low and medium dose groups compared with in the control group. eNOS expression was the highest in the medium dose group. The increased expression levels of LHR, 17α-hydroxylase and eNOS in the low and medium dose groups may inhibit the apoptosis of testicular cells caused by cadmium. The decreased expression levels of all factor in the high dose group may be the result of the increased apoptosis of testicular cells. eNOS, endothelial nitric oxide synthase; LHR, luteinizing hormone receptor; NO, nitric oxide. that cadmium toxicity altered the expression levels of LHR and 17α-hydroxylase in testicular cells, which may alter testosterone synthesis. In addition, based on the results of the present study, one may hypothesize that NO was involved in the repair or compensation mechanism(s) following cadmium-induced testicular injury and this effect was mediated by eNOS expression regulation in Leydig cells (Fig. 5) . Future study should investigate whether other interconnected signaling pathways are involved in this compensation mechanism. Due to limited funds, the present study did not investigate the effect of relevant drugs on cadmium-induced testicular injury. Therefore, future studies should focus on this aspect.
